A general review of lunar science is presented, utilizing two themes: a summary of fundamental problems relating to the composition, structure, and history of the moon and a discussion of some surprising, unanticipated results obtained from Apollo lunar science. (1) The moon has a crust of approximately 60-km thickness, probably composed of feldspar-rich rocks. Such rocks are exposed at the surface in the light-colored lunar highlands. Many highlands rocks are complex impact breccias, perhaps produced by large basin-forming impacts. Most highlands rocks have ages of •3.9 X 109 yr; the record of igneous activity at older times is obscured by the intense bombardment. The impact rate decreased sharply at 3.8-3.9 X 109 yr ago. The impact basins were filled by flows of Fe-and, locally, Ti-rich volcanic rocks creating the dark mare regions and providing the strong visual color contrast of the moon, as viewed from earth. Crustal formation has produced enrichments in many elements, e.g., Ba, Sr, rare earths, and U, analogous to terrestrial crustal rocks. Compared with these elements, relatively volatile elements like Na, K, Rb, and Pb_ are highly depleted in the source regions for lunar surface rocks. These source regions were also separated from a metal phase, probably before being incorporated into the moon. 
INTRODUCTION
Any flashback on the scientific accomplishments of the past 4-6 yr in the earth and planetary sciences must include a summary of Apollo lunar science. A priori it was probable that major advances in the understanding of the nature and history of a second planet would be forthcoming once lunar samples were available for laboratory study. This has in fact happened.
Because of the vast amount of information available it is immaterials in terrestrial laboratories, the list of the important questions might have read as follows: 1. What are the differences in highlands and mare materials? Even to the naked eye the lunar surface is not homogeneous (Figure 1 ). From telescopic observation it was known that the dark (mare) regions were lower and less densely cratered than the lighter-colored highlands, which have a very high density of craters. The differences in crater density indicated that the mare surfaces were younger.
• As was indicated in the introduction, the high proportion of breccias returned from the highlands sites was a major surprise. Because of analogies to breccias from terrestrial impact craters and because of the domination of lunar surface features by the impact processes these rocks are universally believed to be impact breccias [James, 1975] . Some breccias are very weakly consolidated and contain distinct rock and mineral fragments. In some spectacular examples, e.g., 15465, the fragments are cemented together by thick veins of bubbly glass. Other breccias are much more coherent and uniform in appearance, presumably owing to a high degree of postimpact thermal annealing [James, 1975; Phinney et al., 1975] . Many petrologists believ6 that the bulk of the highlands breccias are the products of very large, possibly basin-forming impact events. A particularly strong case can be made for Apollo 14 breccias [Chao et al., 1972] , because the landing site was on a ridge of ejecta extending southward (Figure 1 ) from the huge Imbrium impact basin. Many petrologists believe that some highlands rocks that show igneous textures (e.g., 68415 and 14310) are derived from impact-produced melts [Phinney et al., 1975 ].
Chemical Composition of the Moon
Figures 2-4 show that magmatic and impact processes have produced lunar materials of a wide variety of compositions. Looking through these effects would be impossible with only major element data; however, because of the large body of high-quality trace element and isotopic data on lunar samples, it is possible to make some qualitative inferences about the composition of the moon as a planet.
Lithophile element abundance patterns. for all elements.
Thus to a first approximation, lunar chemistry is dominated by the crustal formation process, and this process must be dealt with before conclusions can be drawn about the nature of ß the source materials and the composition of the moon as a whole. The general types of data on which models of lunar magmatic processes can be based are: (1)experimental petrologic studies of the compositions of the liquidus phases for actual and hypothetical lunar bulk compositions [Hays and Walker, 1975] [Papanastassiou and Wasserburg, 1972a] ). The simplest cases to discuss are abundance ratios for elements that appear to be relatively invariant in magmatic processes. An important example is the K/U ratio, which as was pointed out by Wasserburg et al. [1964] , is remarkably invariant at 1-2 X 104 for terrestrial igneous rocks and as is illustrated in Figure 6 , has a value of •2 X 103 for lunar rocks with K contents of 0.02-2%. The total range in K/U for both the lunar and the terrestrial samples shown is about plus or minus a factor of 2. Both the lunar and the terrestrial K/U ratios are distinctly lower than the ratio for ordinary chondrites, although the terrestrial and carbonaceous chondrite values are not clearly resolved. The correlated enhancement of K and U in the liquid phase until the final stages of crystallization of a mare basalt has been shown by U microdistribution studies [Burnett et al., 1971b] .
The remarkable coherence of K/U implies that it can be considered a 'planetary constant' and that in particular, K/U The low lunar K/U ratio compared with that for chondrites is generally interpreted as reflecting preferential enhancement of refractory elements in the moon and a corresponding depletion in elements that are even moderately volatile, e.g., K, Rb, and Cs. The volatility of Na is presumably also the reason for its apparent underabundance compared with the other ele-/"l\ Eldridge el 01. [1974) . All 01 these solar system objects have rem arkably well defined K/ U ratios. It appears that this ratio and other lithophile element ratios are approximately preserved in magmatic processes an d can be regarded as 'planetary constants.' ments in Figure 5 . Na is an element that should have been enriched in the formation of a plagioclase-rich crust but that despite crustal enrichment is not even present in average solar system abundance levels. A direct indication of the chemistry of the source regions of the lunar surface rocks is the initial 87Sr/ 88Sr ratio, i.e., the value of this ratio at the time of crystallization [Papanastassiou find Wasserburg, 19720] . This quantity is very accurately determined a nd will vary depending on the contribution of 8'Sr from the radioactive decay of 8'Rb in the source regions of the rocks prior to their formation . In turn, this will depend on the Rb / Sr ratio of the source region. A high Rb/ Sr in the source region will tend to give higher initial 87Sr/ 86Sr ratios and vice versa. As is shown in Figure 7 , lunar rocks have initial 87S r/ 86Sr ratios that a re among the lowest known for any solar system material, even for lunar rocks that formed a lmost 1.5 X 10 9 yr after the solar system. The source regions are required to have Rb/ Sr much less (~O.OO5) than average solar system values . The separation of Rb and Sr a nd presumably of a ll other volatile a nd refractory elements as well must h ave occurred very early in the history of the solar system, or else initial 8'Sr / 86 Sr values much higher than those for meteorites would be observed.
Simila rly, Pb isotopic data [Tera et al., 1974b] show that the source regions for lunar rocks are strongly depleted in Pb (a volatile element) compared to U and Th (refractory elements) . But, more importantly, the Pb data also show that lun ar rocks formed from parent materials which had Pb/ U ratios much lower th a n those for the source regions of terrestrial rocks, conclusively showing a fundamental chemical difference between the earth and the moon .
Volatile element abundance patterns. As was discussed in the preceding section, elements such as Na, K , and Rb, which are only moderately volatile, appear to be depleted ; thus it might be expected that elements that are highly volatile should be highly depleted . Figure 8 , based primarily on data from Anders and his co-workers, shows that although volatile elements are depleted overall, there is a surprisingly large range of abundances for these elements in lunar rocks. The halogens 
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KaTe} GJ W + DA P Fig. 7 . Comparison 'of Rb-Sr isochron ages (data points) and initial 8'Sr/ '·Sr ratios for lunar rocks, taken from measurements of Papanastassiou and Wasserburg (A , Apollo mission; BABI , typical primiti ve " Sr/ '·Sr value that would characterize a solar system object (e.g., meteorite) formed at 4.6 AE (I AE = 10· yr)). Although lun ar rocks were formed as much as 1.4 AE after the solar system, the initial "Sr/ '·Sr ratios are only slightly above BABI , showing that the so urce regions for lunar crustal rocks have a very low Rb/ Sr. The age pattern of lun ar rocks is very unusual with ·no rocks younger than -3.2 AE and few rocks with ages between 4.0 and 4.5. The list of a ncient rocks indicates samples that may have formed originally at -4.5 but were reheated at -4.0 AE. metamorphism accompanying the formation of a breccia would destroy most of the normal indications of regolith materials (impact glasses, particle tracks, solar wind rare gases) but would not affect the meteoritic siderophile element contribution. Thus even if only a residual trace of regolith material is present, it is quite plausible that large enrichments in siderophile elements will also be found. It should be emphasized that these breccias were formed 3.9 • 10 • yr ago; thus ancient regoliths are being discussed. A difficulty with the above argument is that a surprisingly large fraction of the highlands breccias would have to be composed of ancient regolith material.
3. Given the impact origin of highlands breccias, it is probably unreasonable to believe that all of the material originally in the impacting objects would be lost to the moon. A few percent by mass of the breccias is required to be from the projectile; this requirement is reasonable. From this point of view, siderophile enrichments in highlands breccias were to be expected, and it would have been more surprising not to have found them. Fra Mauro (Apollo 14) rocks are samples of a region interpreted as a ridge of ejecta produced by the impact event that formed the Imbrium basin (Figure 1 ). This interpretation is vital to our present understanding of the moon and should be subjected to further photogeologic study. As judged from the 3.2 ages (Figure 7) for Apollo 15 mare basalts, the lava flows that filled the basin to produce Mare Imbrium occurred long after the formation of the Fra M auro rocks. Strictly speaking, the age of the Imbrium impact is bracketed between 3.2 and 3.85, but 3.85 is usually adopted as the time of the Imbrium impact because (1) an impact large enough to produce a 500-km-diameter crater should produce strong heating and some melting of the ejecta, (2) most of the Apollo 14 rocks are impact breccias, and (3) K-Ar ages, which are sensitive to reheating, are also in the range 3.85-3.95 [Turner et al., 1971 ]. Mare Imbrium is the second youngest (after Mare Orientale) of approximately 40 major lunar impact basins [Howard et al., 1974] . The intense bombardment of the moon by these and innumerable smaller impacts sculptured the lunar surface in the period between 4.6 and 3.9, producing the rugged highlands topography and obliterating most of the record of lunar igneous activity in that period. The ages of mare basalts are only slightly younger than those of highlands rocks; this finding is very surprising in view of the very large difference in crater densities. Quantitative comparison of the ages (Figure 7) for the various landing sites and the corresponding density of large'impact craters in the same regions [Boyce et al., 1974] shows that there is a large increase in crater density for times older than 3.5. It had long been acknowledged that impact rates might be higher earlier in the history of the solar system, but such a dramatic increase was totally unexpected. Further, because the collisional lifetimes of objects in earth-crossing orbits are estimated to be 108-107 yr at most [Wetherill, 1974] , it was also a major surprise to learn that the intense early bombardment of the moon (and the earth), as recorded in the lunar highlands crater density, had extended to times up to 0.7 X 109 yr after the formation of the solar system. It may be that the moon was subjected to an intense pulse of bombardment at is a general consensus among the various calculations that the initial temperature gradient in the moon was peaked toward the surface, permitting early igneous activity, but that the inside was relatively cool, permitting the deeper regions to cool fairly rapidly and igneous activity to cease.
Although

Summary and Epilog
The preceding discussion attempted to outline what progress has been mad• in answering the list of 'fundamental problems' given in the introduction. In addition to summarizing this discussion it is also important to consider what remains to be done.
We now have a good basic characterization of the nature of highlands and mare materials. Thus it is not premature to regard these as the data that must be described by petrogenetic models, and inspection of the Proceedings of the Fifth [Sonett et al., 1969] . Both of these mechanisms have the common property that the moon formed basically cold and was heated only in the final stages of growth (rapid accretion) or after formation (inductive heating). Contemporary planetary scientists have generally agreed that some type of cold accretion is the most plausible way for planets to form, but if it can be shown that this must be true for the moon, this will constitute a major advance.
C. UNANTICIPATED RESULTS FROM APOLLO
The results to be presented in this section are equally as important as the topics discussed in section B. From the list given in the introduction, items 1 and 2 have already been discussed in sections B4 and B l, respectively. The remaining items will be discussed below in their order in the original list.
Ancient Paleomagnetic Field
Lunar magnetism is covered in recent detailed reviews by 
Exotic Components in the Regolith
With the possible exception of a few Apollo 15 rocks from the edge of Hadley Rille, which may be bedrock samples, all returned lunar samples were impact-derived fragments sampled from the debris layer (regolith) that makes up the outer • l0 m of the lunar surface. Except for impact-produced glasses the finer-sized (_<1 mm) particles (soils) might be expected to be no more than comminuted material from the larger rock fragments. To a first approximation this is true; however, the fascinating area of'regolith studies' derives much of its energy from the fact that a lunar soil contains much more than broken rock fragments. Implanted solar ions and regolith mixing. Highly volatile elements, such as rare gases, are essentially absent from lunar rocks but are relatively abundant constituents in the solar wind. In the absence of an atmosphere or a significant global magnetic field the solar wind impinges directly on the lunar surface. Given their low energy (• 1 keV/nucleon), the solar wind ions will penetrate only a few hundred angstroms and thus will not be present in interior rock samples. However, because of mixing of the regolith by small impacts, many of the grains of a soil sample will have been exposed directly to the solar wind. Consequently, the concentrations of rare gases in soil samples are many orders of magnitude higher than those in rocks [Eberhardt et al., 1972] . Moreover, the isotopic compositions of the rare gases from interior rock samples show that they are formed primarily from galactic cosmic ray nuclear reactions, and these isotopic compositions are very [Woolurn et al., 1975] .
The relative abundances of the rare gases show considerable variation among lunar soils and also for mineral separates of a given soil [Hintenberger et al., 1974] . Moreover, the lighter rare gases appear to be depleted in comparison with either estimated solar system abundances or the relative He/Ne/Ar abundances measured directly in the solar wind foil experiments during Apollo l 1-16 [Geiss, 1973] record whatsoever left on the moon of all the meteorites that produced the intensely cratered terrain.
Fundamentally Different Material on Lunar Surface Layers--Properties of the Outer Micron
The preceding section indicates that many of the interesting properties of lunar soils are related to the possibility of deposits on the surfaces of grains; thus the present topic really cannot cleanly be separated from the general area of regolith studies. I have arbitrarily singled out the physical and chemical properties of the first micron of the lunar surface as viewed from space for special discussion, because I feel that it is a very interesting area for further research.
The outer micron of the lunar surface is subjected to a bewildering variety of processes: (1) obtain refined values for solar abundances [Biswas and Fichtel, 1965] . The preferential acceleration of heavy nuclei is believed to show that during the early stages of acceleration the atomic charge is less than the nuclear charge; thus Fe and He are differentially accelerated. One possible mechanism is that the source region contains a much higher fraction of ionized Fe and other heavy elements than He and the Fe is preferentially extracted [Hirschberg, 1973] . Independent of the detailed explanation, it is now clear that much care is necessary in deducing solar abundances from relative intensities of solar flare ions.
Epilog
In the preceding section, I have summarized a few of the exciting and unexpected results that were obtained from the Apollo program. The choice of topics is clearly personal. Some of these results, e.g., the solar flare Fe enhancements, are now widely accepted and essentially established facts. Others, like the study of impact breccias and microcraters, are now mature fields of study with well-established bodies of data. In contrast, topics like the study of the regolith and the outer micron are immature research areas from which much is yet to be learned. Finally, results such as the ancient lunar magnetic field and the early intense bombardment have implications far beyond lunar science and when they are understood, will reshape our view of the solar system as a whole.
My conclusion is that lunar science, both past and future, and the carefully protected lunar rocks are the true legacies of the Apollo program. Hopefully, less biased historians of the future will concur.
